Using molecular dynamics simulations of vortices in a high-temperature superconductor with square periodic arrays of pinning sites, dynamic phases of the low-current driven vortices are studied at low temperatures. A rough vortex phase diagram of three distinct regimes of vortex flow is proposed. At zero temperature, we obtain a coupled-channel regime where rows of vortices flow coherently in the direction of the driving force. As the temperature is increased, a smooth crossover into an uncoupled-channel regime occurs where the coherence between the flowing rows of vortices becomes weaker. Increasing the temperature further leads to a plastic vortex regime, where the channels of flowing vortices completely disappear. The temperatures of the crossovers between these regimes were found to decrease with the driving force.
I. INTRODUCTION
High-T c superconductors (HTSCs) in magnetic fields of strength larger than H c1 and smaller than H c2 are known to be in the mixed state [1] , where magnetic field penetrates them in the form of quantized flexible array of magnetic flux lines (vortices). The magnetic field H c1 is the lower critical magnetic field, below which no field penetrates the superconducting sample whereas H c2 is the upper critical magnetic field above which the sample becomes normal. Vortices in the mixed state form a unique state of condensed matter in which the density of the vortices and their interactions can be readily changed over several orders of magnitude. Very much like ordinary atoms, these vortices, can form crystalline, liquid, and even glassy phases [1, 2] . A formidable amount of experimental and theoretical work has been performed over the last decades to try to characterize the full phase diagram of these materials. In high-temperature superconductors, the vortex system displays a rich phase diagram with various crossovers and phase transitions among the lattice, liquid, and glassy amorphous vortex states. In the static (non-current driven) vortex structure, the most prominent transition, the first-order melting, separates a quasi-long-range ordered solid lattice from a vortex liquid [3] . At lower temperatures, there is evidence for another first-order transition, driven by the quenched material disorder, which displays a unique phenomenon of inverse melting. These phases occur due to the competition between the repulsive vortex-vortex interactions, which tend to order the vortex lattice, and the attractive vortex-pin interactions, which tend to disorder the vortex lattice [1, [3] [4] [5] . Several experimental, theoretical and numerical studies pointed to the importance of topological defects in pinned vortex matter [1, [3] [4] [5] [6] [7] [8] [9] [10] .
The study of the dynamic response of the vortices to the flow of an external current is of particular interest since vortex motion induces a non-vanishing resistivity which destroys superconductivity. The dynamics of this currentdriven vortex lattice interacting with disorder was found to exhibit a wide variety of interesting nonequilibrium behavior and dynamic phase transitions. Much interest has been devoted to the motion of a vortex lattice across a randomly-disordered substrate under the influence of applied currents both at and well beyond depinning. Experiments [11] [12] [13] [14] , simulations [15] [16] [17] , and theory [18] [19] [20] [21] suggest that at low-current drives the vortex motion is dominated by the random pinning potential leading to a disordered vortex lattice which exhibits plastic motion or random flow which is characterized by a non-linear I-V relationship (nonlinear resistivity). At higher drives the vortex motion becomes free from the random pinning potential and is dominated by the interaction between vortices leading to a reordering transition where a coherent vortex motion appears and the vortex lattice flow elastically. In this elastic phase the I-V relationship is linear. This change in the dynamical vortex state has attracted much attention and produced a large debate over whether it forms a moving crystal or a moving ordered glass [22, 23] .
Most of these molecular dynamics studies aimed at understanding this high-current driven phase in random disorder. Less work has been done to investigate the low-current driven disordered phase especially in periodic pinning structures. Some recent molecular dynamics studies have shown that driven vortex lattices interacting with periodic pinning exhibit a number of novel plastic flow phases which are not observed in random pinning arrays [8] [9] [10] 24] . But the role of defects as well as the structure and dynamical behavior of vortices in the low-current flow regime has remained unclear [25] .
In this contribution, we report on several aspects of vortex dynamics and ordering in the low-current regime of vortices interacting with square periodic arrays of pinning sites. We have conducted detailed molecular dynamics simulations at low temperatures where thermal energy has small effect on the vortices. A combination of four factors make our work distinct from previously published current-driven simulations: The first, we focus only on the lowcurrent driven region of flowing vortices. Secondly, our work examines the effect of the periodic pinning structure on that region, meanwhile most of previous studies examined only random pinning structure cases. Thirdly, we investigate the effect of the initial positions of vortices on the dynamics in this region. The fourth and the most significant factor is the detailed investigation of the low-driven region at low temperatures rather than restricting this study to zero temperature.
II. SIMULATIONS
We consider a 2D transverse slice (in the xy-plane) of an infinite 3D slab containing rigid vortices and columnar defects, all parallel to both the sample edge and the applied field H = Hẑ. These vortices attain a uniform density n v , allowing us to define the external field H = n v φ 0 , where φ 0 = hc/2e. This model is most relevant to superconductors with periodic arrays of columnar defects or thin-film superconductors where the vortices can be approximated by 2D objects. We model the vortex-vortex force by a modified Bessel function of the first kind, K 1 (r/λ), where λ is the penetration depth [26] . For the vortex-pin interactions, we assume the pinning potential well to be parabolic [26] . The pinning range (i.e., the radius of the parabolic well) is r p . For computational efficiency the vortex-vortex interaction can be safely cut off at 6λ since the Bessel function decays exponentially for r greater than λ. We use finite temperature overdamped molecular dynamics simulations in two dimensions. The overdamped equation of motion for each vortex is given by:
where f is the vortex-pin force, f d is the driving force in the x-direction corresponding to the Lorentz force, and the thermal fluctuations are accounted for by a stochastic term that has the properties < f
is the thermal force given by f T i = Af 0 , and A is the number we tune to vary T . In this manner the temperature is given by
2 ∆t, where ∆t is the time step used in the numerical simulation [26] [27] [28] . The total force on each vortex, due to all other vortices and pinning sites can be expressed as follows:
Here Θ is the Heaviside step function, r i and v i are the location and velocity of the i th vortex, respectively, r Our system has a size of 72λ × 72λ. The pinning sites are distributed over this area in a square array with a density n p = 0.5λ −2 . Initially, we place the vortices in a perfect lattice subject to a uniform driving force f d in the positive x-direction (which would correspond to a Lorentz force due to an applied current). For each value of the driving force F d , the average velocityv x of all vortices is calculated after the steady-state is reached:
The average velocityv x versus the force f d curve corresponds experimentally to a voltage-current, V (I), curve. The critical depinning force F c d corresponds to the critical current density which is defined to be the driving force value at whichv x exhibits a sharp jump and thus marking a transition from the pinned to the moving vortex phase. In the present work, we investigate the vortex dynamics in the low-current driven region where
We used the Euler method to solve the equations of motion. The time step used is ∆t = 0.02. We found that the maximum time needed for the vortices to reach a steady state is 2 × 10 4 for all of our calculations. The actual computation time was about 11 hours for each curve of Fig. 1 performed on Pentium IV personal computer with a speed of 2.2 Ghz.
III. RESULTS
In Fig. 1 , we plot the average velocity valuev x versus the driving force f d for a pinning strength f p = 3.0f 0 and a pinning radius r p = 0.2λ for several values of temperature. At zero temperature, a nontypical fluctuating behavior is obtained in the low-driving force region. Typically, at low temperatures,v x would remain very small in this region [8] [9] [10] . This fluctuating behavior was also reported in the literature [24] . We investigated this behavior and found that the dynamics corresponding to this fluctuating behavior is due to the motion of rows of vortices forming a triangular lattice in straight channels along the driving force similar to what was found in Ref. [29] . The moving rows of vortices are 'sandwiched' between rows of pinned vortices. These channels were found to be coupled and approximately equally spaced along the y-direction, in agreement with the results of Ref. [30] for randomly placed columnar defects at zero temperature as the lattice softness is varied. With increasing driving force, the channels start to decouple and loose coherence gradually until all straight channels disappear. Investigating the role of the pinning strength f p , the pinning radius, r p , temperature, and the driving force f d on this behavior resulted in identifying three distinct dynamical regimes which are described below.
In Fig. 2 , we plot the average velocityv x as a function of the driving force f d for several temperatures and different values of f p and r p . For each temperature, in addition to fluctuations ofv x , a systematic behavior is seen wherev x increases with increasing f d reaching a maximum value after which it decreases to a minimum value before entering the depinning regime at F c d . It is also noticed that the maximum value ofv x and the amplitude of fluctuations, unexpectedly, decrease with increasing temperature.
To understand this behavior, we looked into the dynamics of vortices for the parameters of Fig. 2 . We found that at low temperatures and low driving forces, the vortices form coupled channels similar to those found at zero temperature. As the temperature increases, the channels start to decouple and the ordered lattice of the flowing vortices in the channels disappears continuously. With increasing the temperature further, the number of moving rows in each channel decreases until they disappear and the average velocity reaches a minimum. The vanishing of flowing rows of vortices and the resulting decrease of the average velocity can be attributed to the increase of disorder of vortices as the temperature increases. This disorder occurs as the pinned vortices at the edges of the moving channels acquire large transverse motion and thus act as barriers and result in vortex motion transverse to the direction of flow preventing the formation of longitudinal straight channels. The disappearance of longitudinal straight channels of flowing vortices is a signature of the plastic regime.
We have found that the noise in the average velocity values exists only in this coupled channel regime which is in agreement with experiments [31] , where they found a washboard frequency in the voltage noise signal at low-current drives. We have found that the position and shape of this noise uniquely determines the number of moving rows in each channel similar to what was found in [25] .
The increasing part of the f d -v x curve corresponds to the coupled-channels regime. Right after the maximum value ofv x , the uncoupled-channels regime starts to occur. Hence, the maximum in the f d -v x curve signals the transition between these two regimes. Increasing the driving force further, the vortices enter a new regime where all straight channels vanish and most of the vortices get pinned in an irregular structure. Nonetheless, a small number of vortices are able to flow through the sample giving rise to the nonzerov x . We call this regime the disordered regime (plastic regime). We notice in Fig. 2 that the maximum ofv x which separates the coupled and uncoupled channels regimes shifts towards lower values of the driving force when the temperature is increased. To further understand these regimes, we plotted in Fig. 3 the steady state x-component of the total forcef x on each vortex versus their positions for different temperatures. At zero temperature, Fig. 3a shows two clearly distinct values off x . The nonzero value corresponds to the moving vortices and the zero value corresponds to the pinned vortices. This indeed shows that the vortices flow coherently in parallel rows. For higher temperatures, the vortices are still moving in parallel channels, but the values off x along a given channel acquires noticeable fluctuations as shown in Fig. 3b . This leads to a loss of coherence between the channels and hence the name 'uncoupled channels'. As the temperature is increased further,f x is zero for most of the vortices with few scattered nonzero values, as Fig. 3c shows. This indicates that most vortices become pinned and the remaining few flow along irregular paths.
In Fig. 4 , we summarize the above dynamical regimes in a schematic phase diagram as a function of temperature and the driving force. Region III, which represents the plastic regime, is expected to be narrow. Soon after, when the driving force reaches the critical value F c d , vortices enter the elastic regime, where they all are depinned and flow collectively. This crossover is represented in the phase diagram by the dashed curve.
We also have found that the structure of the channels and the number of moving rows in each one of them is related to the initial structure of vortices in the sample as shown in Fig. 5 . This interesting dependence on the initial positions of vortices will be addressed elsewhere.
IV. CONCLUSION
We have investigated the dynamic phases of vortices at low driving forces and at low temperatures. We have found that the observed noise in the average velocity values is a signature of a coupled-channels regime where vortices flow in an ordered manner parallel to the driving force. With increasing temperature, a crossover from the coupled-channels to the uncoupled-channels regime occurs. As the temperature is increased further, another crossover takes place into the plastic regime where the channels disappear completely accompanied by a disappearance of the noise in the average velocity values. In this regime most of the vortices are pinned and a small number of them is moving independently. We have proposed a new phase diagram for this low-current low-temperature vortex region. Our results provide a new insight into this dynamic phase, and are in agreement with numerical and experimental studies.
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